, CHsSOc, and CIOu, like other previously studied type A twitch potcntiators (Br-, NO3-, SCN-, and caffeine), lower the mechanical thrcshold in K depolarization contracturcs of frog skeletal muscle. In potcntiatcd twitches, I-, Br-, CHsSOc, CIO4-, and SCN, as already reported for NOB-and caffeine, slightly shorten the latent period (L) and considerably increase the rate of tension development (dP/dt) during the first few milliseconds of the contraction period. Divalcnt cations (8 ram Ca s+, 0.5-1.0 mM Zn 2+ and Cd s+) raise the mccharfical threshold of contractures, and corrcspondingly affect the twitch by depressing the tension output, increasing L, and decreasing the early dP/dt, thus acting oppositcly to the type A potcntiators.
relations of contractures with those of the twitch, especially in regard to the actions of substances which potentiate the twitch and cause a special increase in rate of tension development very early in the contraction period (Sandow, 1964 (Sandow, , 1965 . These potentiators evidently affect E-C coupling in two main ways: the type A by lowering the mechanical threshold, and the type B by prolonging the action potential. Hence, we proposed (Sandow et al., 1965) that the action potential not only initiates E-C coupling but also regulates it, so that, in general, the speed of development and the duration of the active state, and hence the magnitudes of both rate and general output parameters of the twitch, are all greater, the lower the mechanical threshold and the greater the duration of the spike. The experimental bases for these proposals, however, were limited in the number of agents and the kind of effects that were tested. Our new studies examine these concepts in further detail, this paper dealing with the mechanical threshold as affected by a wider range of agents than previously studied, some of which furthermore raise rather than lower the threshold, and a following one 1 concerned with certain features of the role of the spike.
M E T H O D S
We used sartorius and extensor longus digiti IV (toe) muscles from the frog, Rana pipiens, equilibrated them for 30-60 min in Ringer solution, and then mounted them in connection with the recording apparatus. The experimental media and special Lucite chambers used varied with the type of experiment to be performed.
Contractures and Membrane Potentials
The muscles were set up horizontally in a shallow trough with conventional arrangements for recording tension with the RCA type 5734 transducer. Sartorius muscles were stretched to 120% of their in situ length and toe muscles to an initial tension of 200 mg. Vertically mounted platinum plates flanking the two sides of a muscle served as electrodes for transverse massive stimulation. For the toe muscles, the chamber and the means for changing solutions were similar to those used by Hodgkin and Horowicz (1959) for isolated single fibers. Tension responses were displayed and photographed by means of a Tektronix Type 565 oscilloscope and a Grass recording camera.
Muscles remained in high K + solution for only as long as it took to develop peak tension, and then were returned to media of normal K +. At least 10-15 min rest in oxygenated normal Ringer was allowed between contractures. Membrane potentials associated with a given K + concentration were not measured simultaneously with the contracture responses of the toe muscles but on similar preparations after contracture had subsided, usually 30-60 see after raising the K + concentration.
For electrical determinations we used conventional glass microelectrodes filled with 3 M KC1 by the method of Mullins and Noda (1963) . Action potentials in fibers on the dorsal surface of the sartorius were evoked by 0.2 msec shocks delivered externally through the tips of wire electrodes and were recorded via a neutralized i Taylor, S. R., H. Preiser, and A. Sandow. Data to be published.
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input-capacity preamplifier (Bioelectric Instrument, Inc.) . The action potentials were generally displayed simultaneously on both beams of a dual-beam oscilloscope, which were run at different speeds to facilitate measurement of all aspects of the time course of each spike. We chose the spike duration at --25 mv to measure changes in duration of the action potential of possible mechanical significance because the mechanical output of a depolarization-induced contracture becomes saturated at about this level of membrane potential (Hodgkin and Horowicz, 1960 b) . All contracture and electrical experiments were conducted at room temperature (range 20-26°C; average 22°C). Further details and rationale of the methods used may be found in Taylor (1966) .
Solutions Normal Ringer solution contained the following concentrations of ions in mM; sodium 121.9; potassium 2.6; calcium 1.8; chloride 123.0; monobasic phosphate 0.9; dibasic phosphate 2.1; pH 7.1. When we added metal cations which complex with phosphate, the buffer was 2 mM tris (hydroxymethyl)aminomethane-HCI, pH 7.2-7.4 and the sodium concentration was 116.8 mM. Oxygen was bubbled continuously through the bathing solutions except when records were taken. Caffeine test media were made by adding the necessary amounts of a 50 mM stock solution of caffeine base to the Ringer or other experimental solutions being used. To make the media for various anions, we replaced all the NaCI and KC1 in normal Ringer, or an appropriate part of the NaC1, by the sodium and potassium salts of the anion of interest. Records of action potentials, contracture tension, or membrane potentials as a function of K + were sometimes made immediately after altering the chloride concentration of the bathing medium, but more often after an at least 15-30 rain preliminary soak in the 2.6 mM K + solution of the appropriate anion. Thus, the results we report for methylsulfate, for example, were unrelated to the transient depolarization that occurs when the chloride equilibrium potential is initially reduced (Hodgkin and Horowicz, 1959) .
In the experiments not involving anion substitution, we prevented twitching during contractures induced by high K + by replacing NaCI with choline chloride 1 min before a muscle was exposed to extra K+; the K + concentration was then raised by replacing part of the choline chloride with KC1.
Solutions usually contained d-tubocurarine HCI, 0.002 % for sartorii and 0.01% for toe muscles (Frank, 1961) . Although curarization prolongs the spike duration (Cooke and Grinnell, 1964) and may decrease twitch tension (Kelly, Fry and Fry, 1964; Sandow and Preiser, unpublished observations) , our control experiments showed that the relative effects reported in this paper were not influenced by curare.
Twitch and Tetanus Contractions Very dependable and sensitive recording methods are required to adequatdy study the effect of potentiators and related substances on the quite small early changes in rate of tension development of the twitch. Some of the details of such methods have already been reported (e.g., Sandow, 1944) so only an outline of the technique and some special precautions in using it will be given here. The muscles, generally the sartorius but in a few cases the toe muscle, were mounted vertically in their experimental media in a special Lucite chamber thermostatically controlled at 20°C. Some special features needed for mounting the toe muscle were like those given for another muscle by Sandow and Brust (1958) .
The tendon at the free end of either type of muscle was connected by a 6-8 cm length of 0.015 inch stainless steel wire to the end of a stiff steel arm serving as an isometric lever which activated the type 5734 transducer tube. The muscle was stimulated through platinum electrodes by transverse massive shocks of 0.3 msec duration and slightly supermaximal strength. Tetanus stimuli were generally 300 msec long, at 150 shocks/sec.
The electrical signal of the transducer circuit was fed via both direct and differentiating amplifiers to the two channels of a dual-beam oscilloscope, the general procedure being standard for this laboratory (Sandow and Preiser, 1964; Sandow et al., 1965) . The differentiating circuit usually had a time constant of 2 rnsec, and therefore differentiated the rapid variations in tension during the latency relaxation only approximately. But this time constant was chosen as a compromise between the needs for accuracy and for sufficiently high signal to noise ratio in determining the temporal shifts of interest; in any case, it introduced negligible error in determining the magnitude of such shifts.
The solutions for these studies were made up and used, in general, as previously described in relation to the contracture and electrical studies.
Very careful control of all experimental conditions is required to obtain consistent results regarding especially the variations in the rate of change of tension during the latency relaxation and the immediately following early part of the contraction period. Thus, in addition to the need for massive stimulation of the muscle to ensure that all longitudinal elements of its contractile system respond synchronously, it is imperative: (a) that the recording system be free of external vibration; (b) that the muscle be connected to its lever without twist around its longitudinal axis and, in the case of the sartorius, with the pelvic bone so oriented that the fibers arise from it in the same configuration as they had originally in the normally extended leg; (c) that the initial tension be repeatedly checked and maintained constant; (at) that the temperature remain constant; and (e) that normal responses be obtained both before and after the effect of some agent has been studied, in order to control against slight progressive changes of the muscle during the course of an experiment or alterations occurring in consequence of the mere process of changing solutions, even when the two successive media are identical.
R E S U L T S
Caffeine Previous work indicating that this drug in 1 mM concentration lowers the mechanical threshold was based on tests showing that the curve for contracture tension vs. K + concentration was displaced to lower concentration values, but it involved the assumption that the depolarizing capacity of K + was not altered by the drug (Etzensperger and Gasciolli, 1963; . O u r additional tests now show that caffeine does not alter the relation between K + concentration and m e m b r a n e potential and this confirms that it truly shifts the mechanical threshold towards the resting potential.
Since caffeine causes potentiation in roughly direct proportion to its concentration up to at least 3 m u (Sandow and Brust, 1966) , it was of interest to extend the study of the electromechanically significant parameters to the higher concentrations. We found that in concentrations up to 3 m~i, caffeine, as at 1 mM, does not affect the resting potential, the spike overshoot, or the general capacity of K + to depolarize the membrane. However, it prolongs the spike by about 18 % in both 2 m_u and 3 mM concentration, and thus by about twice as much as it causes in 1 m_u concentration (Sandow, et al., 1965) . Although large prolongation of the spike, of the order of 50 % and greater, can greatly potentiate the twitch (Sandow et al., 1965) a it is not likely that the much smaller caffeine-induced prolongations are important in this respect. We have found, however, that increase of caffeine concentration up to 3 mM causes a progressive displacement of the tension/potential curve toward the resting potential. It is difficult, however, to quantify these shifts in terms of lowered mechanical threshold, since the threshold for caffeine contracture itself is at about 2 m~ concentration. But the effect of interest is shown in that, on the average, membrane potentials of -3 2 , -4 0 , -4 5 , and -4 7 mv produced 50% maximal tension output in the presence of 0, 1, 2, and 3 mM caffeine, respectively. It, therefore, seems that the increasing twitch potentiation produced by progressively increasing the caffeine concentration can be associated with the progressive lowering of the mechanical threshold.
Procaine inhibits the production of caffeine contracture (Feinstein, 1963 ), so we tested its effect on the caffeine-induced displacement of the mechanical threshold. In the presence of 0.5 mM procaine, 1 mM caffeine displaced the relationship between tension and K + toward lower values of K + concentration, but the reduction was less than that caused by caffeine alone. However, 0.5 mM procaine displaced the relationship between extra K + and membrane potential toward higher K + concentrations, and this still held in the presence of caffeine (Taylor, 1966) . Consequently, when the tension developed in the procaine-caffeine mixture was plotted as a function of membrane potential rather than of K + concentration, the shift in the curve from the normal tension/potential curve was the same as that produced by caffeine alone. This occurred, furthermore, regardless of whether the muscles were first soaked in procaine (0.5 mM) or caffeine (1 mM) immediately before treatment with a mixture of the two drugs. Thus, although procaine depresses caffeine contracture, it does not affect the capacity of caffeine to lower the mechanical threshold.
Monovalent Anions
Since NO~-and SCN- (Hodgkin and Horowicz, 1960 a) and Br- (Frank, 1961) all lower the mechanical threshold and seem therefore to potentiate the twitch (Sandow, 1964) , it was of interest to determine whether a similar relationship held for potentiation by other monovalent anions such as I - (Hill and Macpherson, 1954 ; K a h n and Sandow, 1955) , methylsulfate (Hutter and Noble, 1960) , and perchlorate (Foulks and Perry, 1965) . Fig. 1 shows that CH3SO4-displaced the entire K contracture tensionpotential curve toward the resting potential by about 15-20 my, and thus equivalently lowered the mechanical threshold. Our contracture tests were made after at least 30 min of soaking of the muscle in the CH3SO4-test solution when fibrillation produced initially by change of the anion had long stopped, and when, furthermore, we found no change in the following electrical properties: resting potential, general capacity of K to depolarize the membrane, and overshoot and maximum rate of rise of the spike. The fall of the spike was slightly slowed, however, causing a (reversible) average increase Each plotted point represents the average peak tension output 4-SE of up to six muscles treated as indicated. Inability of any one muscle to maintain its full physiological integrity in any long series of tests of the sort graphed, required that the comparisons of interest be based on a composite of particular tests made on different muscles. But adequate comparisons could be made by normalizing the various data on tension output as a percentage of that produced in a full K + contracture by the same muscle.
in spike duration of about 17 %, which, as in the case of caffeine, is most probably negligible as a possible cause of potentiation by this ion. At the temperature of these tests, 21-22 °C, a single stimulus always produced a single action potential. These results differ from those of Hutter and Noble (1960) , who found at 17-20°C that CH8SO4-did not alter the spike duration but might cause repetitive firing. They, however, used hypertonic, i.e. 277 mM, NaCH3SO4 solutions and, though relevant times are not mentioned, they may have recorded action potentials while the fibers were still adjusting to the change of anion.
The above results suggest that the lowering of the mechanical threshold by CH3SO4-is a factor enabling this ion to potentiate the twitch. However, another factor in this regard may involve the negative afterpotential. Hutter
and Noble (1960) had already suggested this for potentiation by CH3SO4-at about 20°C since at this temperature the negative afterpotential was considerably augmented. But they had not measured nor considered the possible role of the mechanical threshold. In our experiments, the negative afterpotential began normally at -7 1 . 9 4-2.8 mv (22 fibers, 4 sartorii) and at -63.7 4-2.1 mv (26 fibers) in CH3SO4-. Since treated muscles might have the mechanical threshold at about -6 5 to -7 0 mv, it is possible that as the negative afterpotential fell from about -6 4 to -7 0 my, it would be mechanically significant and thus contribute to the potentiation. Our further tests show that I -(in only 10-50°-/o replacement of CI-) typically lowered the mechanical threshold. In addition, by relating the effect of CIO4-on K contractures to membrane potentials, instead of merely to K + concentrations (Foulks and Perry, 1965) , we have verified that this anion also causes a true lowering of the mechanical threshold.
Earlier work has shown that NO3-and caffeine cause not only twitch potentiation which results evidently from prolongation of the active state, but also they produce a small hastening of tension development, which begins to appear so early in the twitch--in fact, at the very onset of contraction--that it must reflect an acceleration in development of the active state. Fig. 2 shows that a similar early rate effect, in addition to the well-known twitch potentiation, is produced by the other type A agents, I-, SCN-, and CH3SO4-. Thus there is a decrease of the parameter (L) of the latent period, which measures the period from the start of the massive shock stimulus to the instant when the latency relaxation just ends. This time is easily measured with an accuracy of 0.01 msec or less on projected enlargements of the original records by taking advantage of the fact that the end of the latency relaxation is sharply indicated by the point at which the dP/dt trace crosses its base line. Thus, the values of L for the particular normal and 50 % I -records shown in the figure are 3.15 and 3.10 msec, respectively. However, a statistical analysis of three sets of six records each, taken in succession for the muscle when (a) normal, (b) fully affected by I-, and when (c) normal again after full reversal, gave average values and standard errors of L of 3.17 4-0.01 msec, 3.07 4-0.01 msec, and 3.21 4-0.01 msec, respectively, so that the decrease in L caused by the Iwas 0.12 4-0.01 reset. Further indications that I -hastens early tension development are shown in Fig. 2 in that at any time included in the records the treated muscle exhibited greater values of both P and dP/dt than did the normal. Furthermore, analysis by the phase plane relationship between dP/dt and P for the recorded 6 msec following stimulation indicates that for any given value of P the value of dP/dt is greater in the I--treated muscle than in the normal: e.g., at P = 1.0 g, the respective dP/dt values are 1.38 and 1.28 g/msec. Thus, the I -produces two distinct rate effects: it hastens the development of tension, and it qualitatively alters the response so that at each value of P the corresponding value of dP/dt is greater than normal.
Similar rate effects are produced by SCN-and CH3SO4-. Thus L was reduced by SCN-from 2.46 i 0.01 to 2.37 -4-0.01 msec, and by CH3SO4-from 2.77 -4-0.01 to 2.64 ~= 0.02 msec. The results shown in Fig. 2 FIGURE 2. Typical effects of I-, SCN-, and CH3SO4-on massively stimulated, maximal, isometric twitch behavior of frog sartorius muscles. Initial tension, 2 g; temperature as indicated. In each case, the record at the left is for the muscle in normal Ringer and the accompanying record at the right is for the muscle after full equilibration to a medium having the indicated substitution of an experimental anion for an equivalent amount of the normal CI-. In each of the records for the test with 5 0 % I -there are three traces that are identifiable by the position of their initial, undeflected length of base line as follows: (a) lowest, the entire twitch (with calibrations of 20 msec/square for time and 10/g square for tension); (b) middle, the first 9 msec of the twitch (i msec/square, 1 g/square); (c) highest, the derivative of (b), dP/dt, (1 msec/ square, 0.47 g/msec/square). All the traces begin at the left and those for (b) and (c) include a break at the start which records the shock of 0.3 msec duration. The traces for the S C N -test are like those for the I -one, except that only about 5 msec of the early part of the twitch is recorded, the time calibration being 1 msec/2 squares; and, furthermore, these panels include in their uppermost trace a record ot dP/dt for the entire twitch whose analysis is omitted in the present paper. The CHzSO4-traces are recorded as in the S C N -panels, except that the levels ot the early direct and dP/dt traces are interchanged and the time calibration of the "twitch" in the CH3SO4-medium is different (see text). The fine irregularities on the dP/dt records are due to amplifier noise. The two records for the CH3SO4-test also include dP/dt records for the entire twitch which can be ignored.
for C H 3 S O 4 -are special in that, first, t h e r e is a n o b v i o u s d e c r e a s e in d e p t h of the l a t e n c y r e l a x a t i o n , b u t we are n o t c e r t a i n w h e t h e r this is a r e g u l a r effect.
F u r t h e r m o r e , the o v e r -a l l m e c h a n i c a l r e s p o n s e is so g r e a t a n d so l o n g t h a t this m u s c l e m a y h a v e r e s p o n d e d to a single shock w i t h a sort of t e t a n u s , firing r e p e t i t i v e l y as d i d some of the m u s c l e s s t u d i e d b y H u t t e r a n d N o b l e (1960), especially w h e n the t e m p e r a t u r e was 2 0°C or higher, as it was in this p a r t i c ular e x p e r i m e n t .
But, e v e n if this d i d occur, c o n s i d e r a t i o n s b a s e d o n the ref r a c t o r y p e r i o d assure t h a t the e a r l y events of i n t e r e s t to us r e p r e s e n t t h e r e s p o n s e m e r e l y to o u r single a p p l i e d shock as if n o t h i n g b u t a t w i t c h h a d d e v e l o p e d . O t h e r tests w h i c h we will n o t d e t a i l show t h a t B r -a n d p e r c h l o r a t e p r o d u c e essentially s i m i l a r r a t e effects as do the o t h e r m o n o v a l e n t a n i o n s discussed a b o v e . W e h a v e f o u n d , h o w e v e r , t h a t c o m p l e t e s u b s t i t u t i o n of t h e i s e t h i o n a t e ion for C1-in o u r e x p e r i m e n t a l m e d i a , t h o u g h t y p i c a l l y r e d u c i n g the m e c h a nical t h r e s h o l d , d i d n o t in p r e l i m i n a r y e x p e r i m e n t s p r o d u c e a n y c o n s i s t e n t t y p e A effects o n the t w i t c h . F u r t h e r w o r k is n e c e s s a r y to clarify the effects of this ion. 2 Divalent Cations T h e s e ions are of i n t e r e s t b e c a u s e s o m e of t h e m affect the m e c h a n i c a l t h r e s h o l d . T h u s , i n c r e a s e in C a 2+ a b o v e the n o r m a l R i n g e r c o n c e n t r a t i o n raises the t h r e s h o l d , a n d a d e c r e a s e lowers it ( O r k a n d , 1962;
L i i t t g a u , 1963; F r a n k e n h a e u s e r a n d L / i n n e r g r e n , 1967).
Fig. 3 shows c o r r e s p o n d i n g , t y p i c a l effects o n the t w i t c h of v a r i a t i o n s in
c o n c e n t r a t i o n of C a 2+. T a k i n g 2 mM as the c o n t r o l c o n c e n t r a t i o n (it was u s u -2 Foulks and Perry (1966) have presented a variety of effects of twitch potentiators, especially regarding rate changes in responses of frog toe nmscles, which they claim agree with our results in certain cases but disagree in others. There is no need to discuss the questions raised by their work, however, since their results were obtained by a procedure involving longitudinal stimulation of horizontally mounted muscles and thus not suited for proper recording of the very small and rapid early tension changes of the twitch. The inadequacy of their procedure is particularly indicated by the absence in their records of any indication of the latency relaxation. We have done some experiments on toe muscles, and when they were longitudinally stimulated the myograms were like those of Foulks and Perry (especially in showing the stepwise sort of dP/dt trace they have recorded) ; but when these muscles were massively stimulated by our standard technique, the results in every feature were essentially the same as those we have obtained with the sartorius, as illustrated e.g., in Fig. 2 . We have reported our findings to Dr. Foulks, and he states in a recent letter to one of us (A.S.) that "With suitable stimulation, we too have obtained tracings from toe muscles which substantially resemble the records which you have obtained from frog sartorius." He also states that "the rather marked initial step which we obtained in our earlier dP/dt records resulted from a defective stimulator, producing propagated rather than simultaneous activation . . . . . " It should be noted that since the stimulus current flowed lengthwise in the work of Foulks and Perry, then, in any case (as pointed out to us by Dr. L. A. Mulieri of our laboratory) such a current could not possibly produce sinaultaneous activation of the whole length of a muscle, since, even for very strong currents, only a small part of the cathodal half of each fiber would be immediately excited (see, e.g. Sten-Knudsen, 1960) and activation of the remainder of the fiber would then involve propagation of excitation and the consequent artifacts resulting from asynchrony in response of the longitudinal elements of the fiber. ally 1.8 mM in our normal Ringer), it is evident that increase in c o n c e n t r a t i o n of the Ca 2+ to 8 mM causes the following (reversible) alterations: (a) reduction in twitch tension by a b o u t 9 % (see also M a s h i m a and M a t s u m u r a , 1962, and F r a n k e n h a e u s e r and L~innergren, 1967) and, though not shown in the figure, a corresponding reduction in Po (i.e., to a b o u t 98 % of n o r m a l ) ; (b) increase of L from 3.09 to 3.36 msec; (c) decrease in P and dP/dt at each instant d u r i n g the period of contraction covered by the records; and (d) reduction in dP/dt for any relevant value of P (as shown by phase plane analysis). It is also interesting, as shown in other experiments, that by reducing the concentration of Ca from 2 to 1 mM, and thus causing some reduction in the mechanical threshold, the changes produced in the twitch are like those p r o d u c e d by FIGURE 3. Effects of 8 inM Ca ~ (and their reversal) on the maximal, massively stimulated isometric twitch of the frog sartorius muscle. High Ca 2+ medium maintained at normal osmolarity by equivalent decrease in Na +, 20°C. The extra Ca ~+ produced its full effects, as illustrated, in 40 min, and an equal period was required for the complete reversal. General recording as in Fig. 2 , but with the entire twitch on the top trace (calibration per square: 4 g and 20 msec), the first I0 msec of the twitch on the bottom trace (1 g and 1 msec), and the corresponding derivative on the middle trace (0.21 g/ msec and 1 msec).
type A substances, e.g., relative to the behavior in 2 mM Ca, the twitch peak tension is increased and L is reduced. T h e actions of the supernormal concentration of Ca ~+ on the twitch evidently do not result from changes in the action potential. Ca 2+ in 5-10 mM concentration decreases the overshoot (3-16%), increases the resting potential (7-9 %), and increases the spike d u r a t i o n by a b o u t 40% (Ishiko and Sato, 1957; Taylor, 1966) . T h e net effect of these electrical changes should be a potentiation of the twitch, since the small decrease in overshoot would have little effect (cf. S a n d o w et al., 1968) while the r a t h e r large increase in spike d u r a t i o n should cause increase in twitch tension. 1 Since the reverse is true, we conclude that the depressive effect of extra Ca 2+ on the twitch is mediated by its capacity to raise the mechanical threshold, and that, conversely, the potentiating effect of the lowered Ca results from the associated reduction in mechanical threshold. W e have shown that Zn 2+, in superoptimal concentration for its effect as a type B potentiator (0.5-1.0 mM), acts like extra Ca 2+ in both raising the
5 4 • 1 9 6 9 mechanical threshold (which it does without affecting the depolarizing capacity of K+ (Mashima and Washio, 1964 , and our own experiments)), and prolonging the spike duration (Sandow et al., 1965) . These results will be discussed in detail elsewhere. 1 But for the present, the following may be noted. Since concentrations of Zn 2+ of about 50-100 #M do not affect the mechanical threshold (Sandow et al,, 1965) , we may use the potentiated behavior of the muscle at these concentrations as a control for the effects of the still higher concentrations of Zn 2+ which raise the mechanical threshold. We then find that these high concentrations of zinc depress the output of the potentiated twitch, slow up the onset of its tension development, and also decrease Po, thus acting qualitatively like Ca 2+ in supernormal concentration. Similar effects are produced by relatively high concentrations (1 mM) of Cd 2+, another type B potentiator.
DISCUSSION
By combining our present results regarding type A agents with various older findings of our own and others (for review see Sandow, 1964 Sandow, , 1965 Sandow eta] ., 1965), it is evident that all the basic type A effects are produced in contractures and twitches not only by NOa-and caffeine, as previously reported (Sandow and Preiser, 1964; Sandow et el., 1965) , but also by Br-, I-, SCN-, CHaSO4-, and CIO4-. Wc thus now have a greatly broadened factual basis indicating that lowering the mechanical threshold, as determined from studies of contractures, is positively correlated with production of characteristic, enhanced mechanical effects in the twitch. It is not clear at present whether there are any definite exceptions to this generalization. Thus our work suggesting that isthethionate lowers the mechanical threshold without potentiating the twitch is only of a preliminary nature and needs clarification. Furthermore, Foulks and Perry's (1965) claim that the effects of propionate and ferrocyanide are not in accord with our standard type A findings cannot be adequately appraised because this work omitted tests on the effects of these ions on either the depolarizing capacity of K + or the shape of the spike; and other workers (Falk and Landa, 1960; Szaimi and Tomita, 1963) have observed repetitive firing, greatly prolonged action potentials, and low resting potentials with such anions. In any case, our new results for the divalent cations, Ca 2+, Zn 2+, and Cd 2+, are fully concordant with those of our seven consistent type A agents; for the opposite effect of the cations on the mechanical threshold, i.e. to raise instead of to lower it, is accompanied by corresponding depressive instead of augmentative effects on the twitch. We had originally attempted (Sandow et el., 1965) to quantify the electromechanical coupling relations of the normal and type A potentiated twitches by assuming that the levels of the mechanical threshold (and of mechanical saturation also) under these conditions were the same as those experimentally determined in corresponding K contractures. It has now been shown by means of voltage clamp methods 3 that the level of the mechanical threshold in normal frog sartorius fibers (at 4°C) is higher (i.e. further removed from the resting potential), the shorter the duration of the depolarizing pulse. (For related results on crayfish fibers, see Reuben et al., 1967.) This indicates that in twitches, where the depolarizing pulse provided by the action potential is very short, the values of the mechanical threshold must be quite different from those determined for contractures in which the depolarization due to increasing the external K concentration is indefinitely long. We therefore make no attempt at present to ascribe to the twitch definite values of the mechanical threshold derived from the contracture experiments. Our results clearly suggest, however, that the shifts of the threshold determined quantitatively in contractures are present in at least qualitatively equivalent character in the twitch, and it is in this sense that we relate the changes in twitch behavior we observe under our various experimental conditions to corresponding alterations in the level of the mechanical threshold.
Thus, we consider that the findings for both the characteristic type A agents and the divalent cations are complementary parts of a general pattern of variation in electromechanical coupling whose basic features derive from the experimental alterations of the mechanical threshold to new levels both above and below the normal. When the entire span of these alterations is taken into account, it is evident that the lower the threshold, the greater the twitch tension output and the faster the development of the tension as expressed by both a smaller value of L and a greater value of dP/dt especially during the very early part of the contraction period. Typically, these effects are independent of possible changes in the action potential. Thus our new results in general confirm, and the effects of the divalent cations, in particular, extend, the validity of our proposals (Sandow et al., 1965) that there operates in the E-C coupling of the twitch a function like that characterized by the mechanical threshold as directly observed in contractures. These results indicate that the level of the threshold in the twitch acts to modulate E-C coupling by regulating the over-all effectiveness of the sequence of depolarizations of a given action potential in producing mechanical change. A particular finding which adds support to this view is that the progressive lowering of the mechanical threshold caused by increasing concentrations of caffeine is accompanied by corresponding increases in twitch potentiation.
We stress that this view of the role of the mechanical threshold involves effects basically connected at least with the mechanism of E-C coupling, but not necessarily with other possible mechanisms determining the entire course of the twitch, such as the relaxing activity of the sarcoplasmic reticulum (SR).
That alterations in E-C coupling are involved is indicated by the various changes in kinetics of the latent period and of the onset of contraction, which occur so early that they must directly reflect changes in development of the active state and thus correspond to differences in kinetics of the immediately preceding events of E-C coupling. We have discussed this point in detail elsewhere (Sandow, 1965; Sandow et al., 1965) and furthermore suggested how alterations in the release of activator Ca ~+ may be involved in the mechanism by which lowering of the mechanical threshold produces the various kinetic and peak output features of twitch potentiation. It is not clear, however, whether the reduction in the mechanical threshold can account fully for prolongation of the active state and for the consequent changes which appear relatively late in the twitch, such as prolongation of both contraction and relaxation periods and potentiation of peak tension output. Ebashi (1965) and Carvalho (1968) have shown that the uptake of Ca 2+ by isolated preparations of sarcoplasmic reticulum is depressed by our type A potentiators, Br-, NO3-, I-, and SCN-, and Weber and Herz (1968) have found that caffeine has a similar effect and can furthermore actually cause the release of Ca from isolated SR that has already been loaded with Ca 2+. These various authors have therefore suggested that the type A agents may prolong the active state and so cause twitch potentiation of the intact muscle by retarding the uptake of the activator Ca ~+ that had been released during E-C coupling. Some special aspects of this mechanism--such as the question of how the anions, which penetrate into the fiber very slowly, could act on the internally located SR--have been discussed elsewhere (Sandow, 1965) . However, present knowledge suggests that our type A agents may affect the twitch not only by lowering the mechanical threshold but also by depressing the relaxing activity of the SR (see also Bianchi, 1968) . In this case, the indications of increased speed of early twitch kinetics would, as discussed above, be ascribed exclusively to the lowered threshold and the effect of this on E-C coupling. But the prolongation of the active state and the associated enhancement of twitch output would be attributed not only to the lowered threshold, which would presumably act by causing the SR to release a supernormal amount of activator Ca ~+ during E-C coupling, but also to the reduced relaxing activity, which would act by slowing the uptake of this Ca ~+. Now, enhancing the release of Ca ~+ and interfering with its uptake can be pictured as variations of an essentially single change in function, namely, a general decrease in the ability of the SR to bind Ca ~+. Thus it is possible that both the lowered threshold and the slowed relaxing activity reflect a common underlying effect of the type A agents by which they alter the general function of Ca regulation by the SR and thus affect the entire contraction-relaxation cycle of the twitch.
Caffeine is of special interest as a type A agent because, unlike the anions, it readily penetrates into the fibers (Bianchi, 1962; and it can directly cause the release of Ca ~+ from isolated SR (Weber and Herz, 1968) and presumably also from the SR of the intact muscle (Bianchi, 1961; Isaacson and Sandow, 1967 b) . Thus, as discussed elsewhere (Sandow and Brust, 1966; Sandow, 1965) this alkaloid may cause general type A effects by means of changes of the Ca regulation mechanisms of the SR that are somewhat different from those that seem to hold for the type A anions. But of special interest here is our finding that procaine does not affect the capacity of caffeine to reduce the mechanical threshold. Since procaine apparently inhibits the release of Ca ~+ from the SR in caffeine-treated unstimulated muscles (Feinstein, 1963) , it might be expected to suppress the capacity of caffeine to lower the mechanical threshold. The absence of such an effect indicates (a) that caffeine can lower the mechanical threshold independently of whether or not it has directly caused release of Ca ~+ from the SR into the sarcoplasm of the resting fiber, and (b) that, even in the presence of the procaine, the electromechanical coupling system is sensitized as usual by caffeine so that a given depolarization releases a supernormal amount of activator Ca 2+ and thus lowers the mechanical threshold and potentiates the contracture. On this basis, procaine should not affect the ability of caffeine to potentiate the twitch, but tests of this possibility have not yielded definitive results (Isaacson and Sandow, 1967 b) and further work is needed to clear up this ambiguity. The effects of the divalent cations cannot be consistently analyzed by the same general approach as that used above for the type A agents because we do not know enough about the general effects of these cations on mechanisms of the active state when they act in the concentrations which produce the increases in mechanical threshold of interest to us. Thus Zn ~+ prolongs the active state in concentrations up to 0.1 mM (Isaacson and Sandow, 1963; Edman, Grieve, and Nilsson, 1966) ; but it is not known whether the much higher concentrations up to 0.5 and 1.0 mM, which increase the mechanical threshold, introduce still further changes in the active state. Increase in concentration of Ca 2+ up to 10 mM, however, produces no change in the kinetics of decay of the active state curve (Edwards et al., 1956) , as is also suggested in our results (Fig. 3) showing that the extra Ca does not significantly change the duration of either the contraction or the relaxation period of the twitch. This suggests that Ca 2+, and possibly also the other divalent cations, each acting in adequately high concentration, depress certain features of the twitch solely by increasing the mechanical threshold, thus directly affecting E-C coupling but not significantly modifying the relaxing activity of the SR. It is also possible that the capacity of these cations to decrease the maximum contractile output (Sandow et al., 1965 (Sandow et al., , 1968 may play a part in reducing the tension output of the twitch.
As for the means by which the cations increase the mechanical threshold, it seems clear that since they penetrate into the muscle fiber very slowly their direct site of action is most likely not on some internal structure, such as the SR, but on some of the m o r e readily accessible structures of E-C coupling. Consistent with this conclusion are the various proposals based on a suggestion of Professor A. F. H u x l e y (see F r a n k e n h a e u s e r and Hodgkin, 1957) , that adsorption of ions at the outer edge of a m e m b r a n e could alter the electric field within it and so change certain functions m e d i a t e d by the m e m b r a n e . Thus, H o d g k i n and H o r o w i c z (1960 c) have suggested that adsorption of anions would lower the mechanical threshold by reducing the electric field (though such a m e c h a n i s m obviously could not explain the action of the u n c h a r g e d caffeine molecule on the threshold); and adsorption of cations, such as Ca 2+ (Liittgau, 1963 ; F r a n k e n h a e u s e r and L/innergren, 1967) and Zn 2+ would p r o d u c e opposite effects on b o t h the field and the threshold. In any case, it is evident that the ions do act on the excitatory m e m b r a n e , as is indicated by the effects, particularly m a r k e d for Z n ~+, that they exert on the action potential (Sandow et al., 1965) . But the T tubules and their associated triadic junctions are also readily accessible to substances in the bathing m e d i u m (Huxley, 1964; Endo, 1966) , and these structures m a y therefore be alternative sites at which the various ions act, as is f u r t h e r m o r e suggested by other evidence (Hodgkin and Horowicz, 1960 c; F r a n k e n h a e u s e r and L/innergren, 1967).
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